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Introduction

Amidinate anions, with general formula [RЈNC(R)-NRЈЈ]
-, have been employed widely as ligands in transition metal and in main group chemistry. [1, 2] Their steric and electronic properties are readily modified through variation of the substituents on the carbon and nitrogen atoms, and they have been employed as ancillary ligands in various catalytic conversions, e.g. oligomerisation [3, 4] or polymerisation [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] of olefins or of cyclic esters. [21, 22] Due to the geometric constraints of the NCN ligand backbone, amidinates have small N-M-N bite angles (typically 63-65°). They have a rich coordination geometry in which both chelating and bridging coordination modes can be achieved. The latter has allowed the synthesis of a range of dinuclear complexes with short metal-metal separations. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] The balance between chelating and bridging coordination is critically governed by the substitution pattern of the amidinate ligand. Steric interactions between the substituents on the carbon and nitrogen atoms influence the orientation of the nitrogen lone pairs. Large substituents on the carbon atom induce a convergent orientation of the lone pairs (favouring due to reduced interligand steric interactions in the planar vs. the tetrahedral structure, combined with a relatively small electronic preference of Fe II for the tetrahedral environment. Thus, the simple bidentate ligand N,NЈ-diarylbenzamidinate provides a convenient means to make this unusual species accessible for further study.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, Germany, 2005) chelation), while small substituents lead to a more parallel orientation of the lone pairs (enabling bridging). [34, 35] The substituents on the amidinate nitrogen atoms can be used to tune the steric demand of the ligand, influencing the coordination geometry of the metal centre in bis(amidinate) complexes with chelating amidinate ligands. Thus, Winter et al. have demonstrated that an increase in steric demand of the alkyl substituent R in [{MeC(NR 2 )} 2 Cr] from R = iPr to tBu results in a change from square-planar to tetrahedral coordination of the high-spin Cr II centre. [36] For R = tBu, interligand steric interactions apparently become dominant over an electronic preference for square-planar coordination. [37] The steric hindrance imparted by alkyl substituents on the amidinate nitrogen atoms has its main effect in the NMN coordination plane. To effect steric shielding above and below this coordination plane, two approaches are possible. Introduction of a terphenyl substituent on the amidinate backbone carbon atom provides such shielding (as shown by Arnold et al. in complexes of Li I , Mg II , Al III , Y III and a series of first-row transition metals), [38] [39] [40] [41] [42] [43] but relatively remote from the metal-ligand bonds. Another approach is the use of ortho-disubstituted aryl groups on the nitrogen atoms. By virtue of the perpendicular orientation of the aryl moieties with respect to the NCN backbone (especially when relatively large substituents on the carbon atom are used), the ortho substituents provide steric protection to the sites above and below the coordination plane. The 2,6-(diisopropyl)phenyl group (Ar = 2,6-iPr 2 C 6 H 3 ) has proven to be very efficient in this respect, and has been used successfully in the development of late transition metal olefin polymerisation catalysts with neutral diimine li-gands [44] [45] [46] [47] and in the synthesis of low-coordinate, electrondeficient metal complexes stabilised by β-diketiminates. [48] With amidinate ligands, these substituents have been used only sparingly thus far. [50] Ni II , [7] group 3 and lanthanide metals. [9, 20, 22] Due to the positioning of the steric hindrance of these ligands, interesting interligand steric interactions may be anticipated when two of these ligands are attached to (relatively small) first-row transition metals.
Bis(amidinate) complexes of the divalent first-row transition metal ions have been found to adopt either a (distorted) tetrahedral or a (distorted) square-planar geometry. The former is observed for bis(amidinates) complexes of Mn II -Co II , [41, [51] [52] [53] [54] while for bis(amidinate) complexes of Cr II and Ni II both types of geometry have been found to occur. [34, 36, 41, [55] [56] [57] [58] In this paper we describe the synthesis and characterisation of the bis(benzamidinate) complexes [{PhC(NAr) 2 }M] (M = Cr-Ni, Ar = 2,6-iPr 2 C 6 H 3 , Figure 1) . Interligand interactions between the sterically demanding amidinate ligands are found to enforce a distorted square-planar geometry onto high-spin Fe II , which is exceptional for this ion when bound to two bidentate ligands. 
Results and Discussion
Synthesis
The bis(amidinate) complexes [{PhC(NAr) 2 } 2 M] [M = Cr (1), Mn (2), Fe (3), Co (4)] were obtained by reaction of the anhydrous metal chlorides with the lithium amidinate Li[PhC(NAr) 2 ] (Scheme 1). The latter was generated in situ by deprotonation of the amidine by nBuLi in THF. The products were isolated by extraction with hexanes or pentane and crystallisation from the same solvents, affording the air-sensitive, crystalline bis(amidinate) complexes in 48 (2) to 91% (3) isolated yield. The Ni complex [{PhC-(NAr) 2 } 2 Ni] (5) was prepared from the lithium amidinate and [(DME)NiBr 2 ]. This complex was obtained in 47 % yield after crystallisation from toluene.
The complexes were characterised by elemental analysis, X-ray diffraction, 1 H NMR and IR spectroscopy and solidstate variable-temperature magnetic susceptibility measurements.
Molecular Structures
The molecular structures of the bis(amidinate) complexes were determined by single-crystal X-ray diffraction. Geometric parameters for the structures displayed in Figure 2 are given in Table 1 .
All structures show symmetric, chelating coordination of the amidinate ligands with the aryl and phenyl substituents making angles of 61-86°(Ar) and 23-51°(Ph) with the N-M-N coordination planes. The C-N bonds in the amidinate backbones do not differ significantly in length and the nitrogen atoms deviate only slightly from planarity (Σ ЄN = 354-360°), suggesting full electron delocalisation in the NCN framework. The bite angle of the ligand is restricted to 64-69°by the geometry of the amidinate backbone.
The Mn and Co complexes 2 and 4 are best described as distorted tetrahedral, in which the NMN coordination planes of the two amidinate ligands are inclined at 74.18(15)°( Mn) and 69.5(4)°(Co), respectively. The average bite angles in the Mn complex (63.59°) are ca. 2°smaller than those in the Co analogue (66.3°) reflecting the smaller ionic radius of the latter metal ion. [59] Consistently, the M-N distances in the Mn II complex are ca. 0.1 Å longer than in the and Co II derivative. The Cr and Ni complexes 1 and 5 show a distorted planar arrangement of the four coordinating nitrogen atoms. For bis(amidinate) derivatives of Cr II , this coordination geometry is commonly observed, [34, 36, 57] but planar coordination in Ni II bis(amidinates) is less common, the only example being the complex [{PhC(NXyl)(NSiMe 3 )} 2 Ni] (Xyl = 2,6-Me 2 C 6 H 3 ) reported recently by Lee et al. [56] The amidinate NMN coordination planes are inclined at 7.73(10)°(Cr) and 4.13(13)°(Ni), respectively. The average bite angles in the Cr complex are approximately 4°smaller than in the Ni complex, consistent with the smaller ionic radius for square planar Ni II . [59] The same trend is observed in the M-N bond lengths, which are significantly shorter for the Ni derivative. Surprisingly, the Fe complex 3 is also found to adopt a distorted-planar coordination geometry. The angle between the two NMN coordination planes of 12.37(8)°is slightly larger than for the Cr and Ni analogues, but still warrants a description of 3 as a distorted planar structure. The planar coordination geometry in 3 is in sharp contrast to the other homoleptic bis(amidinate) complexes of Fe II , [51] [52] [53] [54] which are exclusively tetrahedral. Planar structures for Fe II are commonly found with (macrocyclic) tetradentate donor ligands, which are preorganised for this geometry. [60, 61] Examples include salen [salen = N,NЈ-ethylenebis(salicylideneimine)], [62] calix [4] arene, [63] porphyrins, [64, 65] phthalocyanines [66] [67] [68] [69] and a number of macrocyclic bis(β-diiminato) ligands. [70] [71] [72] [73] Planar coordination of Fe II by two bidentate [a] For ease of comparison, the atoms of the Ni complex (5) have been labelled here in analogous fashion to that in the other complexes, in spite of its crystallographic C 2 symmetry (N1_a Ǟ N3, N2_a Ǟ N4, C1_a Ǟ C32 etc.).
ligands is exceptional, although some bis(dithiolato)Fe II dianions have been structurally characterised as distorted square-planar. [74, 75] A prominent feature of the complexes with the planar structure, 1, 3 and 5, is that the Ar substituents are all tilted relative to the coordination plane to minimise interligand repulsion by interlocking the iPr substituents. This imparts to these compounds an approximate D 2 symmetry. It is seen by NMR spectroscopy that this behaviour is also present in solution (vide infra).
Magnetic Properties
Except for the diamagnetic Ni derivative 5, all the bis-(amidinate) derivatives reported here are paramagnetic. Variable-temperature magnetic susceptibility measurements were performed on crystalline samples of 1-4. In view of the low symmetry of the complexes, d-orbital degeneracy is expected to be largely removed, thus quenching most orbital contributions to the ground state. Normal CurieWeiss behaviour is therefore anticipated. Indeed, plots of χ -1 vs. T in the range 25-300 K ( Figure 3 ) show good linear correlation for the Cr, Mn and Fe complexes with θ = -2.3, -1.3 and 2.5 K, respectively. For the Co derivative 4 a departure from the Curie-Weiss law is seen at elevated temperatures. This behaviour indicates the presence of a temperature-independent paramagnetism (TIP) contribution, which is not unusual for tetrahedral Co II . [76] Over the temperature range of 25-175 K, the susceptibility of 4 can be described by Curie-Weiss behaviour with θ = -5.6 K. [77]
The high spin (S = 2) ground state of planar bis(amidinate) 3 contrasts with the more usual observation of an intermediate spin state (S = 1) for Fe II complexes with this geometry, [60, 61] and is more common for tetrahedral Fe II . [37, 78] The planar Fe II complexes of N 4 macrocycles and dithiolates all exhibit intermediate spin states, [64, [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] with the planar, but high-spin, salen [62] and calix [4] arene [63] complexes of Fe II constituting the only exceptions.
H NMR Spectroscopy
The room-temperature 1 H NMR spectrum of the diamagnetic Ni complex 5 in [D 6 ]benzene shows two septuplets for the isopropyl methine protons and four doublets for the isopropyl methyl protons. This is consistent with the approximate D 2 The rate constant for the interconversion of the enantiomers k = 2.25 (38) s -1 at 338 K was obtained by plotting the extent of exchange vs. the mixing time.
[79] The free energy of activation ΔG ‡ 338 = 80.9(4) kJ·mol -1 was calculated from the rate constant k. [80] In contrast to the Ni complex, the paramagnetic bis-(amidinates) 1-4 exhibit broad, shifted lines in their 1 (4) . This strongly suggests that also for the Fe and the Co derivatives the sterically demanding aryl substituents cause restricted motion of the aryl rings in solution.
Calculations
DFT calculations were used to obtain more insight into the factors that determine the coordination geometry of these complexes. In order to separate electronic from steric contributions, calculations were performed on the model complexes [{HC(NH) 2 } 2 M] containing an unsubstituted formamidinate ligand. The system was studied at the B3LYP/SV level using the GAMESS-UK program, [81] using the spin-restricted (S = 0) or spin-unrestricted (S Ͼ 0) formalism; see Exp. Sect. for details. For every metal, both planar and perpendicular geometries were optimised (constrained to D 2h and D 2d symmetry, respectively); the spin states assumed for these calculations were the ones found experimentally for the fully substituted system. In Table 2 , the geometries calculated to be most stable for the model system are compared to those observed experimentally. The energy differences between the calculated perpendicular and planar geometries are included. [a] No reasonable orbital occupation for perpendicular S = 0 structure.
For the model complexes, most of the geometries predicted on electronic grounds match the experimental ones, except for Fe (Table 2) . However, the calculated energy difference between the two geometries is significantly smaller for Fe than for either Mn or Co. These results for the model system indicate that the observed geometries are determined mainly by the intrinsic electronic preference of the metal. For the special case of Fe, where this preference is calculated to be small, steric factors probably dominate; these seem to favour the planar structure due to a more efficient reduction of interligand repulsion by tilting of the aryl substituents.
Decrease of Ligand Size
To see whether a slight decrease in ligand steric demand could already cause a reversion of the Fe II bis(amidinate) structure to distorted tetrahedral, the asymmetric amidinate ligand [PhC(NAr)(NXyl)]
-(Ar = 2,6-iPr 2 C 6 H 3 , Xyl = 2,6-Me 2 C 6 H 3 ) was prepared. Reaction of FeCl 2 with 2 equiv. of the amidinate lithium salt resulted in formation of cis-[{PhC(NAr)(NXyl)} 2 Fe] (6, Scheme 2) that was characterised by single-crystal X-ray diffraction.
The molecular structure of 6 is shown in Figure 5 and selected bond angles and bond lengths are listed in Table 3 . It is seen that even with this smaller, asymmetric ligand, the complex still adopts a distorted square-planar geometry. Remarkably, the two 2,6-iPr 2 C 6 H 3 groups are located on the same side of the molecule, with their iPr substituents interlocking in a similar fashion as observed in complex 3. The NFeN coordination planes in 6 are inclined at an angle of 14.21(6)°, which is only about 2°larger than in 3. The room-temperature magnetic moment of 6 is 5.6 μ B , indicative of high-spin Fe II . Despite the difference in steric demand of the substituents, the two Fe-N distances in 6 are essentially equal, but the interligand N-Fe-N angle is noticeably larger on the side with the Ar substituents [125.51 (4) o ] than on the side with the Xyl substituents [105.97(4)°]. As is the case in the other complexes, the NAr nitrogen atom deviates slightly from planarity (Σ ЄN1 = 354.64°), whereas the NXyl nitrogen atom is close to perfectly planar (Σ ЄN2 = 359.03°). 
Conclusions
The coordination geometry of the bis(amidinate) complexes of the divalent first-row transition metal ions is governed by a subtle balance between electronic and steric factors. This balance can be tipped by variation of the substituents on the amidinate nitrogen atoms. It was shown by Winter et al. that substituents with steric demand in the amidinate plane (tBu) can force an ion with an electronic preference for a planar geometry (Cr II ) to adopt a tetrahedral structure. [36] The work presented here shows that substituents with steric demand above and below the amidinate plane (2,6-iPr 2 C 6 H 3 ) can force an ion with a mild preference for a tetrahedral geometry (Fe II ) to adopt a planar one. Apparently, in this geometry the interligand steric interactions can be more effectively diminished by tilting the aryl rings to allow interlocking of the iPr substituents.
These substituted amidinate ligands provide a simple way to generate rare high-spin (S = 2) Fe II complexes with a planar geometry. It should be interesting to study the reactivity of these species (especially towards oxygen transfer agents) and compare that with the more extensively studied reactivity of planar intermediate spin (S = 1) Fe II systems such as porphyrin and phthalocyanin complexes.
Experimental Section
General Remarks: All manipulations involving air-sensitive compounds were carried out under nitrogen using standard Schlenk and drybox techniques. Diethyl ether and THF (99.9 % Aldrich) were percolated through a column of Al 2 O 3 and stored under nitrogen. Toluene, hexane and pentane (99.9 % Aldrich) were percolated through a column packed with molecular sieves (4 Å) (90 wt-%) and Al 2 O 3 (10 wt-%) and stored under nitrogen. Benzene was distilled from Na/K alloy. Deuterated solvents (Aldrich) were dried with Na/K alloy and vacuum-transferred before use. Magnetic susceptibility measurements were performed with a Quantum Design MPMS-7 SQuID magnetometer of the department of Solid State Chemistry at the University of Groningen. NMR spectra were recorded with Varian Inova 500, VXR 300 and Gemini 200 instruments. IR spectra were recorded with a Mattson 4020 Galaxy FT-IR spectrometer. Elemental analyses were performed by the Microanalytical Department at the University of Groningen or by Mikroanalytisches Laboratorium H. Kolbe, Mülheim an der Ruhr,
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Germany. Anhydrous FeCl 2 [82] and CoCl 2 [83] and [(DME)NiBr 2 ] [84] were prepared according to published procedures. All other chemicals were commercially available products, which were used without further purification.
N-(2,6-Diisopropylphenyl)benzanilide:
Benzoyl chloride (39 mL, 0.33 mol) was added to a vigorously stirred mixture of 10 % aqueous NaOH (240 mL) and 2,6-diisopropylaniline (57.0 mL, 0.30 mol). After 60 min, the solid was collected on a glass filter and washed several times with water, and once with ethanol. The product was dried in vacuo and isolated as a white powder. Yield: 57.6 g (0.19 mol, 65 %). 1 
N,NЈ-Bis(2,6-diisopropylphenyl)benzamidine and N-(2,6-Diisopropylphenyl)-NЈ-(2,6-dimethylphenyl)benzamidine:
The amidines were prepared from N-(2,6-diisopropylphenyl)benzimidoyl chloride and the appropriate aniline according to a previously reported procedure. [9] Yield and characterisation data for N,NЈ-bis(2,6-diisopropylphenyl)benzamidine have been published. [9] Data for N- (2,6- of all volatiles in vacuo. The residue was repeatedly extracted with pentane (10 mL, unless mentioned otherwise) until the extracts were colourless. The extract was concentrated and cooled to afford the crystalline bis(amidinate) complex, which was isolated by filtration and dried in vacuo.
[{PhC(NAr) 2 [{PhC(NAr)(NXyl)} 2 Fe] (6): LiCH 2 SiMe 3 (0.13 g, 1.4 mmol) was added to a stirred solution of N-(2,6-diisopropylphenyl)-NЈ-(2,6-dimethylphenyl)benzamidine (0.53 g, 1.4 mmol) in 15 mL 1 % THF/C 6 H 6 at room temperature. After 15 min, FeCl 2 (0.09 g, 0.7 mmol) was added to the yellow solution. The colour of the mixture changed from yellow to green. The reaction mixture was stirred for 2 h after which the solvents were removed in vacuo. Residual THF was removed by suspending the residue in pentane that was subsequently pumped off. The solid was extracted with benzene (40 mL) until the extracts were colourless. The crude product was recrystallised from hot benzene, affording 6·C 6 [85] The ratio of the peak volumes of the cross-peaks and the diagonal peaks (I x / I d ) was plotted vs. mixing time τ. The rate constants k for the exchange process was determined by fitting the data to the equation [79] The free energy of activation ΔG ‡ at 338 K was calculated by substitution of k 338 according to the relation [80] Magnetic Measurements: Data were collected on crystalline samples (ca. 25 mg) from 300 to 5 K at a field of 1000 G. Measured magnetic susceptibilities are corrected for diamagnetism using Pascal's constants. [86] Effective magnetic moments are calculated as X-ray Crystallographic Study: Single crystals suitable for X-ray diffraction were obtained by recrystallisation from pentane (1), hexanes (2, 3), benzene (4, 6) or diethyl ether (5) . Some crystals were found to contain cocrystallised solvent molecules (2·n-hexane, 4·2C 6 H 6 and 6.C 6 H 6 ). The crystals were mounted on top of a glass fibre, by using inert-atmosphere handling techniques, and aligned on a Bruker 87 SMART APEX CCD diffractometer (Platform with full three-circle goniometer). The diffractometer was equipped with a 4 K CCD detector set 60.0 mm from the crystal. The crystals were cooled using the Bruker KRYOFLEX low-temperature device. Intensity measurements were performed using graphite-monochromated Mo-K α radiation from a sealed ceramic diffraction tube (SIEMENS). Generator settings were 50 kV/40 mA. SMART [87] was used for preliminary determination of the unit cell constants and data collection control. The intensities of reflections of a hemisphere were collected by a combination of 3 sets of exposures (frames). Each set had a different φ angle for the crystal and each exposure covered a range of 0.3°in ω. A total of 1800 frames were collected with an exposure time of 20.0 s (1, 2, 5 ) or 10.0 s (3, 4, 6 ) per frame. Data integration and global cell refinement was performed with the program SAINT. [87] The final unit cell was obtained from the xyz centroids of 5709 (1), 3348 (2), 6534 (3), 4586 (4), 5447 (5), 9843 (6) reflections after integration. Intensity data were corrected for Lorentz and polarisation effects, scale variation, for decay and absorption: a multi-scan absorption correction was applied, based on the intensities of symmetry-related reflections measured at different angular settings (SADABS), [88] and reduced to F o 2 . The program suite SHELXTL was used for space group determination (XPREP). [87] The unit cells [89] were identified as monoclinic; reduced cell calculations did not indicate any higher metric lattice symmetry. [90] For 4, The |E| distribution statistics were ambiguous about a centrosymmetric/non-centrosymmetric space group. [91] The space groups were derived from the systematic extinctions. Examination of the final atomic coordinates of the structure did not yield extra symmetry elements. [92] The structures of 1, 2, 4, 5 and 6 were solved by Patterson methods and extension of the model was accomplished by direct methods applied to difference structure factors using the program DIRDIF. [93] For 3, the structure was solved by direct methods with SIR-97. [94, 95] The positional and anisotropic displacement parameters for the non-hydrogen atoms were refined. The unit cell of 2 contains a molecule of hexane solvent of which one end is highly disordered. One of the C atoms (C68) was described as occupying two positions with separately refined site occupancy factors. The s.o.f. of the major fraction refined to a value of 0.625 (13) . Refinement for 4 was complicated by a twinning problem. After introducing a twin matrix as detected by PLATON ([-1 0 0 0 -1 0 0.99 0 1], 180°rotation about the c* axis), with scale factors for the fractional contributions of the various twin components, the structure refined smoothly. The s.o.f. of the major fraction of the component of the twin model refined to a value of 0.629(3). All hydrogen atoms of 1, 2, 5 and 6 (except those belonging to the disordered hexane solvent molecule in 2) were located from a subsequent difference Fourier synthesis, and their coordinates and isotropic displacement parameters were refined. For 3, Fourier synthesis resulted in the location of most of the hydrogen atoms. The remaining hydrogen atoms in 3 and all hydrogen atoms in 4 were included in the final refinement riding on their carrier atoms with their positions calculated by using sp 2 or sp 3 hybridisation at the C atom as appropriate with U iso = c × U equiv of their parent atom, where c = 1.2 for the non-methyl hydrogen atoms and c = 1.5 for the methyl hydrogen atoms and where values U equiv are related to the atoms to which the H atoms are bonded. The methyl groups were refined as rigid groups, which were allowed to rotate freely. Neutral atom scattering factors and anomalous dispersion corrections were taken from International Tables for Crystallography. [96] All refinement calculations and graphics were performed with the program packages SHELXL [97] (least-square refinements) and PLATON [98, 99] [98, 99] Crystallographic data for 1-6 and details of the refinement are listed in Table 4 and Table 5 . CCDC-247623 to 
